Key message A successful example of transposon deletion via CRISPR/Cas9-mediated genome editing suggests a novel alternative approach to plant breeding. Abstract Transposition of transposable elements (TEs) can affect adjacent genes, leading to changes in genetic traits. Expression levels and patterns, splicing and epigenetic status, and function of genes located in, or near, the inserted/excised locus can be affected. Artificial modification of loci adjacent to TEs, or TEs themselves, by genome editing could mimic the translocation of TEs that occurs in nature, suggesting that it might be possible to produce novel plants by modification of TEs via genome editing. To our knowledge, there are no reports thus far of modification of TEs by genome editing in plants.
DNA digestion by sequence-specific nucleases (SSNs) enables the introduction of mutations such as deletions and insertions into a targeted locus in various organisms. SSNmediated targeted mutagenesis is now applied widely in basic research as well as molecular breeding in many plant species, including rice. The SSN known as CRISPR/Cas9 consists of two components: Cas9 nuclease and a singleguide RNA (sgRNA) that determines the sequences to be digested with Cas9. Mutation patterns and length cannot be regulated precisely using CRISPR/Cas9 with a single sgRNA, whereas DNA digestion via CRISPR/Cas9 with two guide-RNAs recognizing two sites can introduce mutations into these target sites, with concurrent deletion of the intervening sequence. For example, targeted deletions of 10 bp to over 200 kb between the two target sites have been reported in rice (Mikami et al. 2016; Zhou et al. 2014) .
Transposition of transposable elements (TEs) involves genome rearrangements that can lead to loss of gene function and alterations in gene expression. For example, a retrotransposon or long terminal repeat (LTR) inserted into the promoter region of the Myb gene encoding a transcriptional Communicated by Neal Stewart.
Electronic supplementary material
The online version of this article (https ://doi.org/10.1007/s0029 9-018-2357-7) contains supplementary material, which is available to authorized users.
3
factor controls its expression level and pattern, and determines the amount of anthocyanin in grape and blood oranges (Lisch 2013) . It has been reported that targeted deletion by genome editing using TALENs and CRISPR/Cas9 of TEs in introns and cis-regions of genes can alter phenotypes in mouse, human cells and fly (Chuong et al. 2017) . Thus, we hypothesized that the targeted deletion of TEs could be a rapid method of conferring novel phenotypes on elite crops. In this study, we focused on the Tos17 transposon of rice, which has a 138-bp LTR sequence at both ends (Hirochika et al. 1996) , with the aim of producing Tos17-deficient plants by CRISPR/Cas9-mediated targeted mutagenesis, as a first demonstration of precise transposon deletion in plants.
The rice genome (cv. Nipponbare) harbors two copies of the Tos17 transposon, located on chromosomes 7 (Tos17 chr7 ) and 10 (Tos17 chr10 ); Tos17 chr7 and Tos17 chr10 are identical, except for a 5-base substitution and 90-bp insertion in each LTR sequence (Cheng et al. 2006) . Tos17 chr7 is reported as an active transposon in dedifferentiated cells, while Tos17 chr10 is inactive (Cheng et al. 2006) ; thus, we focused on Tos17 chr7 (Fig. 1a) . First, we produced rice calli transformed with 11 different CRISPR/Cas9 vectors recognizing Tos17 chr7 LTR sequences, which was as many as we could design given the restrictions on the PAM sequence (5′-NGG-3′) required for the recognition of target sequences by Cas9 derived from Streptococcus pyogenes (SpCas9) (Figs. S1 and S2). PCR fragments were digested with a mismatch-specific nuclease, CelI, to check whether mutations had been introduced into the 5′ LTR of Tos17 chr7 . This analysis revealed mutations in 50-100% of transformed calli (the ratio of number of lines in which mutations were detected to total number of calli), although the frequency varied depending on the sgRNA used (Fig. 1a, b and Table S1 ). Various types of mutations were detected at the cleavage site, including insertion, deletion, and a combination of insertion and deletion, but no substitution ( Fig. 1c and Fig. S3 ). As in our previous report of targeted mutagenesis using TALENs (Nishizawa-Yokoi et al. 2016) , evidence of 2-to 6-bp microhomology-mediated endjoining-based deletion events was also found. Meanwhile, sequence analysis revealed mutations in all clones except one for sgRNA-11 ( Fig. 1c and Fig. S3 ), suggesting that the frequency of successful targeted mutagenesis estimated from results of CelI assays are underestimated. It was assumed that mutations were introduced successfully in both the 5′ and 3′ LTRs of Tos17 chr7 . PCR was performed to check whether Tos17 chr7 was deleted or not. Surprisingly, Tos17 chr7 was deleted at a high frequency, i.e., in 10-90% of transformed calli in all lines (the ratio of number of lines in which Tos17 chr7 excision was detected to total number of calli, Fig. 1a, d and Table S1 ). Like targeted mutagenesis in the Tos17 chr7 5′ LTR, mutations other than substitutions were found at the breakpoints (Fig. 1e, Figs. S4 and S5 ). In our small-scale analysis, we found no sequences in which the DNA ends digested by SpCas9 at the 5′ and 3′ LTRs of Tos17 chr7 were joined precisely without any mutations. Although precise joining between two target sites recognized by two sgRNAs has been confirmed (Mikami et al. 2016) , the frequency was low. One reason is that the precise joined sequence is also a target of the same sgRNA and can be digested again. This could be avoided by design sgRNAs to prevent digestion of precisely joined sequences, if possible. Alternatively, single-strand annealing, which repairs DNA double-strand breaks using both ends of the single-stranded DNA of repeat sequences, is another method to introduce precise deletion by digestion at both ends of the intervening sequence (Kwon et al. 2012; Siebert and Puchta 2002) , although the reported frequency was even lower. In both cases, use of FnCpf1 or the pairednickase of SpCas9 Mikami et al. 2016) , which produces sticky ends, could achieve precise deletion, because digestion with SpCas9 nuclease yields blunt ends.
Next, we focused on sgRNA-3, which shows a high frequency of target mutagenesis and deletion. Other than the LTRs in Tos17
Chr.7 and Tos17 Chr.10 , there are no sequences that match PAM sequences and the 12-mer adjacent to the PAM sequence of sgRNA-3 in the rice genome, suggesting that sgRNA-3 is highly specific in the rice genome. Regenerated plants in which Tos17 chr7 was deleted were obtained . PCR analysis of #27-17 and #27-20 in T 1 plants using primer-a and primer-c to check whether Tos17 chr7 was deleted. Black arrowhead indicates wild-type 5.7-kb PCR products. W; wild-type, N; no template, M; size marker. g Mutations and rearrangement in Tos17 chr7 in lines #27-17 and #27-20. Red letters and numbers indicate inserted or deleted bases, and the numbers of inserted or deleted bases, respectively. h Mutations and rearrangement in Tos17 chr10 in lines #27-17 and #27-20. Details as in g ◂ from calli transformed with CRISPR/Cas9 with sgRNA-3, as confirmed by PCR analysis. To check genetic segregation in the progenies, PCR analysis was performed on lines #27-17 and #27-20; no PCR fragments derived from wild-type Tos17 chr7 were detected in representative T 1 plants of either line (Fig. 1f) . Sequence analysis of PCR products revealed that large deletions occurred in both lines #27-17 and #27-20 (Fig. 1g) . In line #27-20, the 3.8-kb region between the Tos17 chr7 LTRs was completely deleted. Interestingly, not only deletions and insertion into LTRs but also a 1.4-kb deletion in Tos17 chr7 was confirmed in line #27-17, suggesting that complex rearrangement occurred in Tos17 chr7 . Fragments other than 5.7 and 1.8 kb in Fig. 1d could also be derived from such complex rearrangement events. These results showed that we successfully obtained plants lines homozygous for Tos17 chr7 -deficiency. Tos17 chr7 transposition is activated in dedifferentiated rice cells (Hirochika et al. 1996) , which can cause difficulties in the production of transgenic rice plants via callus. The Tos17 chr7 -deficient rice plants produced in this study might be helpful in suppressing somaclonal mutations derived from Tos17 chr7 transposition during the transformation process. Moreover, small insertions and deletions were confirmed in both the 5′ and 3′ LTRs of Tos17 chr10 (Fig. 1h) , suggesting that CRISPR/ Cas9-mediated targeted mutagenesis occurred in a total of four loci corresponding to Tos17 LTRs.
In conclusion, we succeeded in producing rice plants lacking the TE Tos17 chr7 . Our strategy for Tos17 excision by CRISPR/Cas9 can be applied to produce plants in which TEs are excised from the targeted genomic region (e.g., the Myb gene described above). Cross-breeding remains difficult in some plants because of vegetative propagation and high heterozygosity, which leads to loss of biparental genotypes and agronomical traits. TE excision by genome editing is one of a battery of technologies that can be used in such plants to produce a novel variety without crossing, and in a short breeding period. It can also be a useful tool to elucidate both the function of agronomically important genes and the role of TE transposition in evolution.
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